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14 Conversion of H 2 S and formation of COS with a γ-alumina wash-coated monolithic catalyst support, soaked in 0.6-M NaOH aqueous solution followed by heating it for 4 hrs at 950 o C, soaked in 4-w% KOH aqueous solution followed by heating it for 2 h at 550 o C, and soaked in 0.5-w% MgCl 2 aqueous solution followed by heating it for 2 hrs at 550 o C, removing no sulfur. Effects of temperature on conversion of H 2 S to elemental sulfur and formation of COS with a 120-SCCM feed stream containing 3,600-ppmv H 2 S, 1,800ppmv SO 2 , 32-v% CO, 20-v% H 2 , 9-v% CO 2 and 10-v% moisture at 120 - Conversion of H 2 S and formation of COS with a γ-alumina wash-coated monolithic catalyst support, soaked in 4-w% Zn aqueous solution followed by heating it for 4 hrs at 600 o C, and then soaked in 4-w% KOH aqueous solution followed by heating it for 4 hrs at 550 o C. Conversion of H 2 S and formation of COS with a γ-alumina wash-coated monolithic catalyst support, soaked in 0.6-M NaOH aqueous solution followed by heating it for 4 hrs at 950 o C, soaked in 4-w% KOH followed by heating it for 2 h at 550 o C, and soaked in 0.5-w% MgCl 2 aqueous solution by heating it for 2 hrs at 550 o C, removing no sulfur.
SUMMARY
Removal of hydrogen sulfide (H 2 S) from coal gasifier gas and sulfur recovery are key steps in the development of Department of Energy's (DOE's) advanced power plants that produce electric power and clean transportation fuels with coal and natural gas. These plants will require highly clean coal gas with H 2 S below 1 ppmv and negligible amounts of trace contaminants such as hydrogen chloride, ammonia, alkali, heavy metals, and particulate. The conventional method of sulfur removal and recovery employing amine, Claus, and tail-gas treatment is very expensive. A second generation approach developed under DOE's sponsorship employs hot-gas desulfurization (HGD) using regenerable metal oxide sorbents followed by Direct Sulfur Recovery Process (DSRP). However, this process sequence does not remove trace contaminants and is targeted primarily towards the development of advanced integrated gasification combined cycle (IGCC) plants that produce electricity (not both electricity and transportation fuels).
There is an immediate as well as long-term need for the development of cleanup processes that produce highly clean coal gas for next generation power plants. To this end, a novel process is now under development at several research organizations in which the H 2 S in coal gas is directly oxidized to elemental sulfur over a selective catalyst. Such a process is ideally suited for coal gas from commercial gasifiers with a quench system to remove essentially all the trace contaminants except H 2 S In the Single-Step Sulfur Recovery Process (SSRP), the direct oxidation of H 2 S to elemental sulfur in the presence of SO 2 is ideally suited for coal gas from commercial gasifiers with a quench system to remove essentially all the trace contaminants except H 2 S. This direct oxidation process has the potential to produce a super clean coal gas more economically than both conventional amine-based processes and HGD/DSRP. The H 2 and CO components of syngas appear to behave as inert with respect to sulfur formed at the SSRP conditions. One problem in the SSRP process that needs to be eliminated or minimized is COS formation that may occur due to reaction of CO with sulfur formed from the Claus reaction.
The objectives of this research are to formulate monolithic catalysts for removal of H 2 S from coal gases and minimum formation of COS with monolithic catalyst supports, γ-alumina wash or carbon coats, and catalytic metals, to develop a catalytic regeneration method for a deactivated monolithic catalyst, to measure kinetics of both direct oxidation of H 2 S to elemental sulfur with SO 2 as an oxidizer and formation of COS in the presence of a simulated coal gas mixture containing H 2 , CO, CO 2 , and moisture, using a monolithic catalyst reactor, and to develop kinetic rate equations and model the direct oxidation process to assist in the design of large-scale plants. This heterogeneous catalytic reaction has gaseous reactants such as H 2 S and SO 2 . However, this heterogeneous catalytic reaction has heterogeneous products such as liquid elemental sulfur and steam.
Experiments on conversion of hydrogen sulfide into elemental sulfur and formation of COS were carried out for the space time range of 130 -156 seconds at 120 -140 o C to formulate catalysts suitable for the removal of H 2 S and COS from coal gases, evaluate removal capabilities of hydrogen sulfide and COS from coal gases with formulated catalysts, and develop an economic regeneration method of deactivated catalysts. Simulated coal gas mixtures consist of 3,300 -3,800-ppmv hydrogen sulfide, 1,600 -1,900 ppmv sulfur dioxide, 18 -21 v% hydrogen, 29 -34 v% CO, 8 -10 v% CO 2 , 5 -18 vol % moisture, and nitrogen as remainder. Volumetric feed rates of a simulated coal gas mixture to the reactor are 114 -132 SCCM. The temperature of the reactor is controlled in an oven at 120 -140 o C. The pressure of the reactor is maintained at 116 -129 psia. The molar ratio of H 2 S to SO 2 in the monolithic catalyst reactor is maintained approximately at 2 for all the reaction experiment runs
INTRODUCTION
Coal is our most abundant energy resource. It is strategically important to our nation to increase coal use as an energy source in an environmentally acceptable manner. Coal gasification, a primary step in advanced coal utilization processes, produces a coal gas containing hydrogen (H 2 ) and carbon monoxide (CO) as the fuel components. Raw coal gas, however, also contains a number of major and trace contaminants including hydrogen sulfide (H 2 S), carbonyl sulfide (COS), ammonia (NH 3 ), hydrogen chloride (HCl), alkali, heavy metals, and particulate. Thus, this gas must be cleaned before further use. H 2 S is a major coal gas contaminant that can range from 1000 to 10,000 ppmv, depending on the sulfur content of the coal. Removal of H 2 S from coal gas and sulfur recovery are key steps in the development of Department of Energy's (DOE's) advanced Vision 21 plants combining a power plant and a refinery based on coal and natural gas to co-produce electricity and clean transportation-grade liquid fuels. These Vision 21 plants will require highly clean coal gas with H 2 S below 1 ppmv and negligible amounts of other contaminants such as COS, HCl, NH 3, alkali, heavy metals, and particulate.
The conventional method of removing H 2 S and sulfur recovery involves a number of steps including amine scrubbing at low temperature followed by amine regeneration using steam to produce a concentrated H 2 S-containing gas. This concentrated H 2 S-containing gas is then combusted to produce a gas with a H 2 S to sulfur dioxide (SO 2 ) ratio of 2 to 1 in a Claus furnace. This is followed by up to three (3) stages of Claus reaction at temperatures of around 250-280 o C over an alumina catalyst to recover elemental sulfur:
The Claus reaction is exothermic and equilibrium limited. To circumvent equilibrium limitations, the reaction is conducted in up to three (3) reaction stages with interstage cooling/ sulfur condensation followed by interstage re-heating. However, even with three (3) stages, the reaction is not complete due to thermodynamic limitations at 250 o C. The Claus tail gas contains sulfur that must be further treated in an expensive tail gas treatment plant (e.g., SCOT) before discharge. Thus, overall H 2 S removal and sulfur recovery using this conventional sequence is extremely cumbersome, equipment intensive, and expensive.
A second generation approach for sulfur removal/recovery developed under DOE's sponsorship involves three steps:
hot-gas desulfurization (HGD) using regenerable zinc oxide-based sorbents 
This approach integrates well with a coal gasifier in an integrated gasification (IGCC) system because the raw coal gas does not have to be cooled all the way down to near room temperature as is the case with the conventional amine/Claus/tail-gas treatment method. However, the overall process scheme requires solid sorbent handling/circulation, and three separate reactors. Also, there is a small energy penalty associated with the use of coal gas to reduce SO 2 by DSRP. Furthermore, since trace contaminants e.g. NH 3 and HCl are not removed by the zinc-based sorbents. This approach is primarily targeted towards the development of advanced IGCC plants that produce electricity only (but do not co-produce both electricity and clean transportation grade fuels).
There is an immediate as well as long-term need for the development of clean processes that produce highly clean coal gas for next generation Vision 21 plants producing both electricity and transportation-grade liquid fuels. To this end, several research organizations are developing a novel process in which the H 2 S in coal gas is directly oxidized to elemental sulfur over a selective catalyst using sulfur dioxide (SO 2 ) produced by burning a portion of the sulfur produced.
The direct oxidation process is ideally suited for coal gas from a commercial gasifier with a quench system. During quench, the trace contaminants (except sulfur) are essentially completely removed and H 2 S (with some COS) remains as the only contaminant. The gas contains all of the major coal gas components including H 2 , CO, CO 2 and H 2 O. Its typical pressure and temperature conditions are 40 to 220 psia and 125 to 155 o C. In the direct oxidation process, the Claus reaction is carried out over a selective monolithic catalyst in the presence of the major gas components at around 125 to 155 o C to yield liquid sulfur. The low-temperature phase change allows the H 2 S-SO 2 reaction to proceed selectively over a catalyst and removes equilibrium limitation. Due to low reactant concentrations, the reaction proceeds nearly isothermally and has the potential to proceed to completion in a single reactor. Burning a required portion of the liquid sulfur in a sulfur burner produces the SO 2 for the process. The process has the potential to produce a super clean coal gas much more economically than both conventional amine-based processes and HGD/DSRP.
The Single-Step Sulfur Recovery Process (SSRP) consists of injecting sulfur dioxide (SO 2 ) directly into the quenched syngas in the presence of a monolithic catalyst at 125 to 160 o C (257 to 320 o F) to oxidize H 2 S and recover elemental sulfur in a single step via the Claus reaction (2 H 2 S + SO 2 → 3/n S n + 2H 2 O). The SO 2 needed is obtained by burning a portion of the produced sulfur in an external sulfur burner. The key differences between the above-mentioned SSRP process and the traditional Claus process are: (a) in the proposed SSRP process, the Claus reaction occurs in a highly reducing syngas atmosphere containing hydrogen (H 2 ) and carbon monoxide (CO) and (b) the reaction is carried out at the pressure of the syngas (40-1200 psia). Furthermore, in conventional low-temperature fixed-bed Claus processes e.g. SuperClaus, the catalyst is poisoned by sulfur plugging and must be regenerated by heating externally. In the proposed SSRP process, the liquid elemental sulfur formed from the H 2 S removal reaction (Claus reaction) can be detached from the monolithic catalyst surface with the aid of the slip velocity (special flow pattern) of the gaseous reaction mixture at the interface between the thin liquid sulfur layer and the gaseous reaction mixture. The slip velocity, developed from a special flow pattern in monolithic catalyst support channels, induces the pressure difference between the solid catalyst surface and the liquid-sulfur interface by the venturi effect, thereby facilitating catalyst regeneration, sulfur recovery, and favorable shift in thermodynamic limitation on sulfur formation.
Work to date at DOE/NETL, Tuskegee University and RTI has shown the potential of SSRP to convert 99 + % of the H 2 S at 40 -220 psia to elemental sulfur with less than 40 ppmv COS slip. Differential kinetic experiments at Tuskegee University have shown significant increases in rate with pressure increase from 40 to 170 psia. Considering that the commercial SSRP plant will operate at up to 1200 psia, there is potential for complete sulfur removal and recovery. One problem in SSRP that needs to be eliminated or minimized is COS formation that may occur due to reaction of CO with sulfur formed from the Claus reaction.
The objectives of this research are to formulate monolithic catalysts for removal of H 2 S from coal gases and minimum formation of COS with monolithic catalyst supports, γ-alumina wash coats, and catalytic metals, to develop a catalytic regeneration method for a deactivated monolithic catalyst, to measure kinetics of both direct oxidation of H 2 S to elemental sulfur with SO 2 as an oxidizer and formation of COS in the presence of a simulated coal gas mixture containing, H 2 , CO, CO 2 , and moisture, using a monolithic catalyst reactor, and to develop kinetic rate equations and model the direct oxidation process to assist in the design of large-scale plants. This heterogeneous catalytic reaction has gaseous reactants such as H 2 S and SO 2 . However, this heterogeneous catalytic reaction has heterogeneous products such as liquid elemental sulfur and steam.
Experiments on conversion of hydrogen sulfide to elemental sulfur and formation of COS using a monolithic catalyst reactor were carried out for the space time range of 130 -156 seconds at 120 -140 o C and 116 -129 psia to formulate catalysts suitable for the removal of H 2 S and COS from coal gases, evaluate removal capabilities of hydrogen sulfide and COS from coal gases with formulated catalysts, and develop an economic regeneration method of deactivated catalysts. Simulated coal gas mixtures consist of 3,300 -3,800-ppmv hydrogen sulfide, 1,600 -1,900 ppmv sulfur dioxide, 18 -21 v% hydrogen, 29 -34 v% CO, 8 -10 v% CO 2 , 5 -18 vol % moisture, and nitrogen as remainder. Volumetric feed rates of a simulated coal gas mixture to the monolithic catalyst reactor are 114 -132 SCCM. The molar ratio of H 2 S to SO 2 in the monolithic catalyst reactor is maintained approximately at 2 for all the reaction experiment runs.
EXPERIMENTAL SETUPS
A monolithic catalyst reactor was fabricated with a 2.2-cm inside diameter and 15-cm long 316-stainless steel HPLC column. A γ-alumina wash-coated monolithic catalyst support, 2cm in the diameter and 15-cm long, has 200 square cells and 1040 cm 2 flat surface area. The cell density and the wall thickness of the cordierite monolithic catalyst support are 400 square cells/inch 2 and 0.02 cm, respectively. A simulated coal gas mixture containing H 2 S and SO 2 was reacted with the aid of the catalyst in the monolithic catalyst reactor at 120 -140 o C. Conversion of hydrogen sulfide to elemental sulfur was analyzed with the flame photometric detector (FPD) and the thermal conductivity detector (TCD) of a gas chromatograph. The range of space (residence) time of the reaction gas mixture in the reactor was 130 -156 seconds under the reaction conditions. Space times are obtained by dividing the bulk volume of the monolithic catalyst in the reactor with the volumetric flow rate of a feed gaseous mixture at reaction conditions.
A reactor assembly mainly consists of four mass flow meters for gases, one reactor, two preheaters, one high pressure liquid pump for water, one four-way switch valve, one oven, five filters for gases, four check valves, and one water collection bottle, as shown in Figure 1 The reaction gas mixtures are fed downward to a vertical monolithic catalyst reactor, as shown in Figure 1 . The reactor was loaded with a γ-alumina-wash-coated monolithic catalyst in the vertical reactor. The vertical reactor, loaded with the monolithic catalyst, was placed inside the oven to be heated at a desired temperature. Nitrogen was introduced into the catalyst-loaded reactor during preheating the reactor. When the temperature of the reactor was raised at the desired temperature, one simulated coal gas mixture stream containing H 2 S and another feed stream containing SO 2 were introduced into the reactor, by switching nitrogen with the simulated coal gas mixture. The reaction conditions are shown in Table 1 . The properties of the monolithic catalyst support are shown in Table 2 
CALCULATIONS
Concentrations of H 2 S and COS in the outlet stream from a monolithic catalyst reactor are analyzed by using a gas chromatograph equipped with a flame photometric detector (FPD) and a thermal conductivity detector (TCD), and a calibration curve. A calibration curve for H 2 S is developed with three H 2 S samples in different concentrations such as 4,980 ppmv, 996 ppmv, and 249 ppmv, whereas a calibration curve for COS is developed with three COS samples in different concentrations such as 45 ppmv, 30 ppmv, and 15 ppmv.
Each experimental reaction run proceeds after a blank run, which is carried out in the absence of moisture and monolithic catalyst in a reactor. Conversions of H 2 S are obtained with concentrations of H 2 S from a reaction run and those from its blank run, as shown in the following equation.
where x: conversion of H 2 S. C B : concentration of H 2 S in the outlet stream for a blank run. C R : concentration of H 2 S in the outlet stream for a reaction run
Elemental sulfur is formed with the following reversible stoichiometric reaction formula, as shown in Equation (2) . COS is formed in the presence of moisture and catalyst according to the reversible stoichiometric reaction formula, as shown in Equation (3) and Equation (4), which is obtained by adding Equation (2) to Equation (3) multiplied by 3, whereas COS is formed in the absence of moisture and catalyst according to the reversible stoichiometric reaction formula, as shown in Equation (5).
RESULTS AND DISCUSSION
Experiments on conversion of hydrogen sulfide into element sulfur were carried out over the space time range of 130 -156 seconds at 120 -140 o C (see Table 3 ) to formulate catalysts suitable for the removal of H 2 S and COS from coal gases, evaluate removal capabilities of hydrogen sulfide and COS from coal gases with formulated catalysts, and develop an economic regeneration method of deactivated catalysts. Catalysts were formulated by soaking γ-alumina wash-coated monolithic catalyst supports in catalytically active additive aqueous solutions followed by heating them under air environment at elevated temperatures. Simulated coal gas mixtures consist of 3,300 -3,800 ppmv hydrogen sulfide, 1,600 -1,900 ppmv sulfur dioxide, 29 -34 v% CO, 18 -21 v% hydrogen, 5 -18 vol % moisture, 8 -10 v% CO 2 , and nitrogen as remainder. Volumetric feed rates of a simulated coal gas mixture to a monolithic catalyst reactor are 130 -156 cm 3 /min at room temperature and atmospheric pressure (SCCM). The temperature of the reactor is controlled in an oven at 120 -140 o C. The pressure of the reactor is maintained at 116 -129 psia. Elemental sulfur deposited on a monolithic catalyst is removed with nitrogen at 140 -270 o C overnight.
Effects of Temperature on Conversion of H 2 S into Elemental Sulfur and formation of COS
Experiments on conversion of hydrogen sulfide to elemental sulfur and formation of COS with a 2-cm-diameter 15-cm-long γ-alumina wash-coated 400-cells/inch 2 monolithic catalyst were carried out over the space time range of 135 -149 s to evaluate effects of reaction temperature on conversion of hydrogen sulfide to elemental sulfur and formation of COS at 120 -140 o C and 117 -124 psia, using quadruple experimental data. Gas mixtures are fed to a monolithic catalyst reactor containing 3,600-ppmv H 2 S, 1,800 ppmv SO 2 , 32-v% CO, 20-v% hydrogen, 10-v% moisture, 9-v% CO 2 , and nitrogen as remainder. Volumetric feed rates of gas mixtures to the monolithic catalyst reactor are 120 SCCM. Conversion of H 2 S to elemental sulfur is 0.50 -0.82.
Conversion of H 2 S to elemental sulfur does not follow the Arrhenius' equation, although conversion of H 2 S to elemental sulfur increases with increased reaction temperature over the temperature range of 120 -140 o C (see Figure 2 ). 
Effects of Catlayst Aging on Conversion of H 2 S into Elemental Sulfur and formation of COS
Experiments on conversion of hydrogen sulfide to elemental sulfur and formation of COS with a 2-cm-diameter 15-cm-long γ-alumina wash-coated 400-cells/inch 2 monolithic catalyst were carried out over the space time range of 130 -154 s to evaluate effects of catalyst aging on conversion of hydrogen sulfide to elemental sulfur and formation of COS at 125 o C and 116 -122 psia. Gas mixtures are fed to a monolithic catalyst reactor containing 3,300 -3,800-ppmv H 2 S, 1,600 -1,900 ppmv SO 2 , 29 -34-v% CO, 18 -21-v% hydrogen, 5 -18-v% moisture, 8 -10-v% CO 2 , and nitrogen as remainder. Volumetric feed rates of gas mixtures to the monolithic catalyst reactor are 114 -132 SCCM. A γ-alumina wash-coated 400-cells/inch 2 monolithic catalyst support is soaked in 1-w% Zn aqueous solution and heated for 4 hours at 450 o C. Elemental sulfur was removed from the catalyst with N 2 at 140 o C overnight. Conversion of H 2 S to elemental sulfur is 0.58 -0.95. Conversion of H 2 S into elemental sulfur and formation of COS are constant up to 1,400min catalyst aging. Thereafter, conversion of H 2 S into elemental sulfur decreases with increased catalyst aging, while formation of COS increases with increased catalyst aging, as shown in Figure 3 .
Temperature Effects of Removing Elemental Sulfur from a Catalyst on Conversion of H 2 S and formation of COS.
Conversion of H 2 S into elemental sulfur and formation of COS decrease with increased temperature at which elemental sulfur is removed from the catalyst soaked with 1-w% Zn aqueous solution followed by heating it for 4 hours at 450 o C (see Figure 4 ). A γ-alumina wash-coated catalyst support was soaked in 1-w% Zn aqueous solution followed by heating it for 4 hours at 450 o C to increase conversion of H 2 S into elemental sulfur and decrease formation of COS. Elemental sulfur was removed from the catalyst by heating the catalyst with N 2 at 200 o C overnight. Conversion of H 2 S into elemental sulfur seems to be higher on removing elemental sulfur from the catalyst than leaving elemental sulfur on the catalyst. Formation of COS seems to lower on removing elemental sulfur from the catalyst than leaving elemental sulfur on the catalyst. The catalyst was washed in 0.1-M NaOH aqueous solution overnight followed by heating it for 4 hrs at 450 o C and then washed in 0.3-M NaOH aqueous solution overnight followed by heating it for 4 hrs at 900 o C for the regeneration of the deactivated catalyst. Effects of washing the catalyst in NaOH aqueous solution overnight followed by heating it for 4 hrs at 450 o C and then for 4 hrs at 900 o C on conversion of H 2 S into elemental sulfur are pronounced and longlived, although elemental sulfur was not removed from the catalyst by heating it overnight, as shown in Figure 6 .
Effects of Soaking a Zn-Treated Catalyst in NaOH Aqueous Solution on Conversion of H 2 S and Formation of COS

Effects of Removing Elemental Sulfur from a Zn-Treated and NaOH-Regenerated Catalyst on Conversion of H 2 S and Formation of COS.
A catalyst washed in 0.1-M NaOH aqueous solution overnight followed by heating it for 4 hrs at 450 o C and then washed in 0.3-M NaOH aqueous solution overnight followed by heating it for 4 hrs at 900 o C for the regeneration of the catalyst was used for the removal of H 2 S without removing elemental sulfur from the catalyst overnight by heating it for the 3,000 min reaction duration. Thereafter, elemental sulfur was removed from the catalyst by heating it overnight at 200 o C. Conversion of H 2 S into elemental sulfur decreases drastically upon removing elemental sulfur from the catalyst, as shown in Figure 7 . This observation may suggest that the elemental sulfur deposited on the catalyst play a catalytic role in removing H 2 S from the catalyst. 
Effects of Washing a Catalyst in NaOH Aqueous Solution on Conversion of H 2 S and Formation of COS
Catalysts are mainly deactivated by liquid elemental sulfur deposition below the dew temperature of elemental sulfur, carbon deposition, aluminum sulfate formation, and catalyst aging. Catalysts are washed in NaOH aqueous solutions to dissolve alumina sulfate or other water-soluble substances on catalyst surfaces. Catalysts are heated at elevated temperatures to remove elemental sulfur from catalysts by vaporizing it.
Effects of washing a γ-alumina wash-coated catalyst support in 0.1-M NaOH aqueous solution, washing the catalyst support in 0.2-M NaOH aqueous solution followed by heating it for 4 hrs at 450 o C, and washing the catalyst in 0.3-M NaOH aqueous solution followed by heating it for 1.5 hrs at 900 o C on conversion of H 2 S into elemental sulfur are short-lived. However, effects of washing the catalyst in 0.4-M NaOH aqueous solution followed by heating it for 4 hrs at 900 o C on conversion of H 2 S into elemental sulfur is long-lived, as shown in Figure 8 . 
Effects of Soaking a Catalyst in Zn Aqueous Solution and then KOH Aqueous Solution on Conversion of H 2 S and Formation of COS
A γ-alumina catalyst support was soaked in 4-w% Zn aqueous solution followed by heating it for 4 hrs at 600 o C, and then soaked in 4-w% KOH aqueous solution followed by heating it for 4 hrs at 550 o C to increase conversion of H 2 S and reduce formation of COS. Elemental sulfur deposited on the catalyst is not removed. Effects of soaking the catalyst with Zn and KOH aqueous solutions on conversion of H 2 S seem to be good initially. However, effects of soaking the catalyst in Zn and KOH aqueous solutions on formation of COS seem to be shortlived by changing formation of COS from negative to positive, as shown in Figure 9 . A catalyst support was soaked in 4-w% KOH aqueous solution followed by heating it for 4 hrs at 550 o C. Effects of soaking the catalyst in KOH aqueous solutions on conversion of H 2 S are good initially. However, favorable effects of soaking the catalyst in KOH aqueous solution on formation of COS seem to be short-lived, as shown in Figure 10 . Conversion of H 2 S into elemental sulfur is much higher with the catalyst soaked in Zn and KOH aqueous solutions than that in KOH aqueous solution only (see Figures 9 and 10) .
Effects of Soaking a Catalyst in Fe 3+ Aqueous Solution on Conversion of H 2 S and Formation of COS
A γ-alumina wash-coated catalyst support was soaked in 2-w% Fe 3+ aqueous solution followed by heating it for 4 hrs at 550 o C. Conversion of H 2 S drastically decreases with increased reaction duration with removing sulfur from the catalyst with N 2 at 270 o C, as shown in Figure 11 . Conversion of H 2 S drastically decreases and becomes negative with increased reaction duration with removing sulfur from the 2-w% Fe 3+ treated catalyst with N 2 at 200 o C, as shown in Figure 12 . This fact may suggest that H 2 S be produced rather than removed from the simulated coal gas. Formation of COS is very high with the catalyst soaked in 2-w% Fe 3+ aqueous solution followed by heating it for 4 hrs at 550 o C. 
Effects of Soaking a Catalyst in NaOH, KOH, and MgCl 2 Aqueous Solutions on Conversion of H 2 S and Formation of COS
A γ-alumina wash-coated monolithic catalyst support was soaked in 0.6-M NaOH aqueous solution followed by heating it for 4 hrs at 950 o C, soaked in 4-w% KOH followed by heating it for 2 hrs at 550 o C, and soaked in 0.5-w% MgCl 2 aqueous solution followed by heating it for 2 hrs at 550 o C. Conversion of H 2 S decreases and formation of COS increases with increased reaction duration, although elemental sulfur is removed from the catalyst throughout experiments. Figure 13 . Conversion of H 2 S and formation of COS with a γ-alumina wash-coated monolithic catalyst support, soaked in 0.6-M NaOH aqueous solution followed by heating it for 4 hrs at 950 o C, soaked in 4-w% KOH followed by heating it for 2 h at 550 o C, and soaked in 0.5-w% MgCl 2 aqueous solution by heating it for 2 hrs at 550 o C, removing no sulfur. 
CONCLUSIONS
The following conclusions were drawn based on experimental data generated from the monolithic catalyst reactor system, and their interpretations. Each reaction experimental run proceeds after a blank experimental run, which is carried out in the absence of moisture and a monolithic catalyst.
Conversion of H 2 S to elemental sulfur does not follow the Arrhenius' equation, although conversion of H 2 S to elemental sulfur increases with increased reaction temperature over the temperature range of 120 -140 o C. Conversion of H 2 S into elemental sulfur and formation of COS decrease with increased temperature at which elemental sulfur is removed from the catalyst soaked with 1-w% Zn aqueous solution followed by heating it for 4 hours at 450 o C.
Conversion of H 2 S into elemental sulfur and formation of COS are constant up to 1,400min aging of the 1-w% Zn-treated γ-alumina wash-coated catalyst. Thereafter, conversion of H 2 S into elemental sulfur decreases with increased catalyst aging, while formation of COS increases with increased catalyst aging. However, conversion of H 2 S into elemental sulfur decreases and formation of COS increases with increased aging of the other 1-w% Zn-treated catalyst, although elemental sulfur was removed from the catalyst by heating the catalyst with N 2 at either 140 or 200 o C overnight.
Effects of washing the deactivated Zn-treated catalyst in NaOH aqueous solution overnight followed by heating it for 4 hrs at 900 o C on conversion of H 2 S into elemental sulfur are pronounced and long-lived, although elemental sulfur was not removed from the catalyst by heating it overnight. Effects of washing the deactivated γ-alumina wash-coated support itself in 0.4-M NaOH aqueous solution followed by heating it for 4 hrs at 900 o C on conversion of H 2 S into elemental sulfur also is long-lived.
Conversion of H 2 S into elemental sulfur decreases drastically upon removing elemental sulfur from the catalyst treated with NaOH and Zn aqueous solutions. This observation may suggest that the elemental sulfur deposited on the catalyst play a catalytic role in removing H 2 S from the catalyst.
Effects of soaking the catalyst with Zn and KOH aqueous solutions on conversion of H 2 S seem to be good initially. However, effects of soaking the catalyst with Zn and KOH aqueous solutions on formation of COS seem to be short-lived by changing formation of COS from negative to positive. Effects of soaking the catalyst in KOH aqueous solution only on conversion of H 2 S are good initially. However, favorable effects of soaking the catalyst in KOH aqueous solution on formation of COS seem to be short-lived. Conversion of H 2 S into elemental sulfur is much higher with the catalyst soaked in Zn and KOH aqueous solutions than that in KOH aqueous solution only. Conversion of H 2 S decreases and formation of COS increases with increased reaction duration with the catalyst treated with NaOH, KOH, and MgCl 2 , although Elemental sulfur deposited on the catalyst is not removed throughout experiments.
Conversion of H 2 S drastically decreases with increased reaction duration with removing a sulfur from the 2-w% Fe 3+ treated catalyst with N 2 at 270 o C. Conversion of H 2 S drastically decreases and becomes negative with increased reaction duration with removing elemental sulfur from the 2-w% Fe 3+ treated catalyst with N 2 at 200 o C. This fact may suggest that H 2 S be produced rather than removed from the simulated coal gas. Formation of COS is very high with the catalyst soaked in 2-w% Fe 3+ aqueous solution followed by heating it for 4 hrs at 550 o C
